. Coexpression of Kv1.5 and Kv␤1 Mediates Fast-Inactivating Potassium Currents (A and B) Recordings were obtained in the standard whole-cell patch-clamp configuration (Hamill et al., 1981 ) from 293 cells 6 hr after microinjection of Kv1.5 (A) or Kv1.5ϩKv␤1 (B) mRNA (50 ng/l). Outward currents were elicited by 200 ms depolarizing pulses of increasing amplitudes in steps of 10 mV from a holding potential of Ϫ80 mV. For comparison, only the first 50 ms of the current responses is displayed. (C) Voltage dependency of activation for the Kv1.5 (closed triangles) and Kv1.5/Kv␤1-mediated (open circles) currents depicted in (A) and (B), given as normalized conductances. A Boltzman function was fitted to the activation data of Kv1.5 with half-maximal activation at ϩ14.0 mV and a slope of 10.1 mV, which also well describes the activation curve of the Kv1.5/Kv␤1-mediated currents. (D) Steady-state inactivation of Kv1.5/Kv␤1-mediated potassium currents was determined using a 1 s prepulse to increasing potentials from Ϫ60 mV to ϩ15 mV in steps of 5 mV, followed by a 200 ms test pulse to ϩ40 mV. Symbols represent normalized mean data obtained from four independent experiments. Standard errors are smaller than symbol size. The mean data were fitted to a Boltzman function with a halfmaximal inactivation of Ϫ25.4 mV and a slope of 2.6 mV.
agreement with previous results obtained in the Xenodid not observe that Kv␤1 conferred a rapid inactivation behavior on the noninactivating outward currents medipus oocyte expression system (Swanson et al., 1990) , Kv1.5␣ subunits, in CHO and 293 cell line expression ated by Kv2-and Kv3-type ␣ subunits (data not shown). Thus, the interaction of Kv␤1 may be restricted to memsystems, mediated voltage-activated noninactivating outward currents in the absence of ␤ subunits (Figure bers of the Kv1␣ subunit family. 1A). When the Kv1.5␣ subunits were coexpressed with Kv␤1, fast-transient (A-type) outward currents were obSubfamily-Specific Kv␤1 Binding to the served. The currents inactivated rapidly, with a time Amino Terminus of Kv␣ Subunits course that could be fitted with a single exponential, This hypothesis was addressed by studying the interacbut the currents did not fall to baseline at the end of a tion of Kv␤1 with Kv␣ subunit domains in protein overlay 200 ms test pulse ( Figure 1B) . A residual steady-state assays (see Figures 2, 4, and 6) . For this purpose, we current representing ‫%03ف‬ (30.6% Ϯ 2.6%; n ϭ 12) generated several fusion protein constructs (see Experiof the transient peak current was observed. It did not mental Procedures) in order to express the cytoplasmic inactivate within the millisecond time range.
amino-and carboxy-terminal domains of Kv1.1, Kv1.5, The inactivation time constant at ϩ40 mV ( i ϭ 4.4 Ϯ Kv3.4, and Kv4.2. The fusion proteins were purified from 0.4 ms; n ϭ 12) of the rapidly inactivating Kv1.5/Kv␤1 bacterial lysates and blotted onto nitrocellulose memcurrent was very similar to the ones reported previously branes. The membranes were then incubated with for the rapid inactivation of the Kv1.1/Kv␤1-and Kv1.4/ 35 S-labeled Kv␤1 translated in vitro. The results demonKv␤1-mediated A-type currents . strated that the Kv1.5 amino terminus, but not the Kv1.5 Also, coexpression of Kv␤1 did not affect the activation carboxyl terminus, bound [ 35 S]Kv␤1 (Figures 2A and 2B) . range of Kv1.5 channels ( Figure 1C ). The mean halfSimilar results (i.e., Kv␤1 binding to the amino but not maximal activation for Kv1.5 occuring at 12.2 Ϯ 1.8 mV (n ϭ 5) was not significantly different from that deterthe carboxyl terminus) were obtained with Kv1.1. By contrast, [ 35 S]Kv␤1 did not bind to the amino termini of mined for Kv1.5/Kv␤1 (11.2 Ϯ 1.3 mV; n ϭ 5). The steadystate inactivation for coexpressed Kv1.5 and Kv␤1 had Kv3.4 and Kv4.2, members of the Shaw- and Shal-related (Baldwin et al., 1991) Kv channel its half-maximum at Ϫ25.4 mV ( Figure 1D ). The combination of the voltage dependencies of steady-state activasubfamilies, respectively. These data corroborate our notion that the interaction of Kv␤1 with Kv␣ subunits is tion and inactivation indicates a relatively small window current mediated by this particular ␣/␤ Kv combination.
restricted to Kv1␣ subunits. Moreover, the results, as summarized in Figure 5 , indicate that the Kv1␣ subunit When we tested combinations using ␣ subunits from other Kv subfamilies (e.g., Kv2 or Kv3 with Kv␤1), we interaction site(s), which specifies Kv␤1 binding, is most S-labeled Kv␤1 probe. The Kv␤1 subunit migrates with an M r of 44.7 kDa, consistent with that predicted from the rat Kv␤1 sequence likely contained in cytoplasmic amino-terminal doamino terminus and generated Kv1.5⌬1-131 ␣ subunits lacking the first 20 residues of the 30-residue-long T1A main(s). subdomain, which is important for assembly of Kv1␣ subunits (Li et al., 1992; Shen et al., 1993; 
Carboxy-Terminal Half of the Kv1 Amino
Pfaffinger, 1995). Probably as a consequence, Kv1.5⌬1-Terminus Is Sufficient for Kv␤1 Function 131/Kv␤1-mediated A-type currents ( Figure 3 ) were diffiThe sequence alignment of Kv1 amino termini (Chandy cult to detect in the in vitro expression system. Only and Gutman, 1994) shows that the amino-terminal seabout 10% of the cells microinjected with Kv1.5⌬1-131 quences may be divided into a nonconserved aminomRNAs, with or without Kv␤1 (n ϭ 80), contained functerminal half varying in length from 33 to 178 amino acids tional Kv1.5 channels. In addition, these channels exhiband a largely conserved carboxy-terminal half almost ited a rapid rundown behavior unusual for Kv1.5. The invariably 130 amino acids long. The nonconserved inactivation time constant (i ϭ 26.6 Ϯ 3.5 ms; n ϭ 4) Kv1.5 amino-terminal sequences correspond to resiof Kv1.5⌬1-131/Kv␤1-mediated currents was increased dues 1-111, and the conserved ones to residues 112-‫-3ف‬fold in comparison with Kv1.5⌬1-111/Kv␤1 A-type 242. Deletion of the nonconserved amino-terminal half of currents. The deletion of residues 112-131, comprising Kv1.5 (Kv1.5⌬1-111) did not affect the ability of Kv1.5␣ part of the T1 A subdomain for subunit assembly, persubunits to mediate voltage-activated, noninactivating turbed both the expression of functional Kv1.5 channels outward currents in the absence of Kv␤1 or the rapidly and the interaction with Kv␤1 conferring rapid Kv1.5 inactivating outward currents in the presence of Kv␤1 channel inactivation. A complete deletion of the Kv1.5 ( Figure 3 ). The inactivation time constants at ϩ40 mV T1 A subdomain (Kv1.5⌬1-144) apparently generated ( i ϭ 8.4 Ϯ 1.0 ms; n ϭ 5) of the rapidly inactivating nonfunctional Kv1.5␣ subunits, since no current above Kv1.5⌬1-111/Kv␤1 current component and the size of background could be elicited after RNA microinjection the steady-state component (43.9% Ϯ 4.6%; n ϭ 5) were (n ϭ 20; data not shown). Thus, the results show that similar to those determined for wild-type Kv1.5/Kv␤1-the first 111 amino acids of the Kv1.5 amino terminus mediated A-type currents (see above). Next, we extended the deletion into the conserved half of the Kv1.5
do not play a significant role and that presence of the This result indicated that we had either directly or indi-1.0 nA and were normalized to peak for comparison.
rectly eliminated a Kv␤1 interaction site on the Kv1.5 amino terminus. Inspection of the Kv␣ subunit sequences revealed that in the Kv1.5N1-201 deletion mucarboxy-terminal half (residues 112-242) of the Kv1.5 amino terminus is sufficient for expression of functional, tant, a sequence motif corresponding to Kv1.5 amino acid residues 192-208 had been disrupted, which is rapidly inactivating Kv1.5/Kv␤1 channels.
highly conserved in the Kv1␣ subunit family ( Figure 6A ). Therefore, we hypothesized that this motif or parts of Conserved Kv1 Sequence Motif for Binding Kv␤1 it might possibly specify a Kv␤1 interaction site. The sequence of this motif (R/KFYE/QLGE/DEAM/L--When we introduced carboxy-terminal deletions within the Kv1.5 amino terminus, we found that a relatively FREDE) contains predominantly polar and only a few hydrophobic (6 out of 17) amino acids. Candidate polar small deletion close to the carboxy-terminal end of the Kv1.5 amino terminus caused loss of [ 35 S]Kv␤1 binding in residues in the motif were replaced by in vitro mutagenesis either with neutral amino acids (e.g., R192A and the protein overlay assays (Figure 4 ). Whereas deletion mutants Kv1.5N1-220 and Kv1.5N1-211 (lacking the last R205Q) or with amino acids of opposite charge (e.g., R203E). Candidate hydrophobic residues were substi-22 or 31 residues, respectively, of the Kv1.5 amino terminus) bound [
35 S]Kv␤1 like wild type, the deletion mutant tuted for alanine by in vitro mutagenesis. The ability of mutant Kv1.5 amino termini to interact with [ 35 S]Kv␤1 evoked peak current amplitudes were consistently 5-to 10-fold smaller than wild type. In the presence of Kv␤1, was then determined ( Figure 6B ). Mutations of polar amino acids (e.g., R192A, R203E [data not shown], and Kv1.5␣ subunits with mutations between amino acids 193 and 201 mediated voltage-activated outward cur-R205Q) did not perturb Kv␤1 binding. By contrast, alanine substitution of hydrophobic amino acids (e.g., rents in which the rapid inactivation time course had been markedly slowed or completely eliminated ( Figure  F193A , Y194A, L196A, and M201A) dramatically reduced Kv␤1 binding ( Figure 6B ). Band intensities of the Kv1.5/ 7B). In comparison with wild-type Kv1.5 ( i ϭ 4.4 Ϯ 0.4 ms; n ϭ 12), the inactivation time constants i had inKv␤1 complexes were not significantly above background for Kv1.5 mutants F193A, Y194A, and L196A creased ‫-2ف‬fold when Kv1.5 F193A or M201A mutants were coexpressed with Kv␤1, and ‫-01ف‬fold upon coexwhen the protein overlay assays were normalized for protein concentrations and averaged over four experipression of Kv1.5 Y194A with Kv␤1 ( Figure 7C ). The most dramatic effect was observed with Kv1.5 L196A, which ments. Kv␤1 binding activity for Kv1.5 mutant M201A was reduced ‫-52ف‬fold (n ϭ 4) in comparison with the may not functionally interact with Kv␤1, since Kv1.5 wild-type amino terminus. Thus, the mutational analysis L196A-mediated outward currents were not affected indicated that the Kv1.5 amino terminus may contain an by the presence of Kv␤1 ( Figure 7B ). Kv1.5␣ subunits interaction site for binding Kv␤1, located between amino carrying mutations upstream of F193 (e.g., R192A) or acid residues 193 and 201. Apparently, the sequence of downstream of M201 (e.g., R203E, F204A, and R205Q) this site is highly conserved among Kv1␣ subunits, as elicited, in the presence of Kv␤1, fast-transient outward outlined in Figure 6A .
currents indistinguishable from those obtained by coexpression of Kv␤1 and wild-type Kv1.5 ( Figures 7B and  7C ). The results of the coexpression studies of Kv1.5 Functional Characterization of mutants with Kv␤1 are consistent with the reduction Kv␤1 Binding Site of Kv␤1 binding seen in the overlay assays described To determine the importance of the sequence motif for above. However, a quantitative correlation was not atKv␤1 function, the mutations described above were intempted because of the very different conditions in overtroduced into full-length Kv1.5␣ subunits. Expression lay and coexpression studies. In conclusion, substituof the Kv1.5 mutants generated Kv1.5 channels that tions of critical residues within the Kv1.5␣ subunit mediated noninactivating, voltage-activated outward interaction motif FYQLGDEAM reduced or eliminated currents with properties identical to wild type (Figure 7) . For some Kv1.5 mutants (F193A, Y194A, and L196A) , the ability of Kv␤1 to confer rapid inactivation on Kv1.5 Ϫ cells), with or without Kv␤1 as indicated. Current amplitudes ranged between 0.3 and 5 nA and were normalized to peak for comparison. Activation kinetics in the Kv1.5 mutants tested (R192A, F193A, Y194A, L196A, M201A, R203E, F204A, and R205Q) were not significantly different from that of Kv1.5 (time to peak [t] at ϩ40 mV was 8.1 Ϯ 1.3 ms; n ϭ 8). Upon coexpression of Kv␤1, time to peak decreased about 2.5-fold for Kv1.5 (t ϭ 2.9 Ϯ 0.2 ms; n ϭ 12) and to a similar degree for Kv1.5 mutants R192A, F193A, M201A, R203E, F204A, and R205Q, but activation times for mutants with perturbed ␤-interaction (Kv1.5 Y194AϩKv␤1: t ϭ 5.2 Ϯ 0.1 ms, n ϭ 4; Kv1.5 L196AϩKv␤1: t ϭ 6.8 Ϯ 0.3 ms, n ϭ 4) were significantly slower. Low expressing mutants (<1 nA; F193A, Y194A, and L196A) were studied in CHO/dhFr Ϫ cells to avoid interference by endogenous outward currents. CHO/dhFr Ϫ cells possessed lower endogenous background outward currents (<30 pA at ϩ40 mV) than 293 cells (<300 pA at ϩ40 mV). Control experiments showed no significant kinetic differences between fast-transient Kv1.5ϩKv␤1 currents expressed in CHO/dhFr Ϫ (i ϭ 4.4 Ϯ 0.5 ms; n ϭ 6) or 293 cells (i ϭ 4.4 Ϯ 0.6 ms; n ϭ 6). Injection of H2O or of 50 ng/ l Kv␤1 RNA into 293 or CHO/dhFr Ϫ cells did not elicit outward currents above background or fast inactivation of endogenous outward currents. (C) Inactivation time constants ( i ) for wild-type Kv1.5 and mutant Kv1.5␣ subunits coexpressed with Kv␤1. Inactivation time constants ( i ) were determined by fitting the decay phase of the whole-cell currents with a monoexponetial function. Data are given as mean Ϯ SEM. In Kv1.5 L196AϩKv␤1, only the slowly inactivating component ( i Ͼ 1 s) was detectable, which was present to the same degree when only Kv1.5 L196A was expressed. A similar, slowly inactivating component was seen in Kv1.5 and all other Kv1.5 mutants. Asterisks indicate statistically significant differences (*, p Ͻ .05; **, p Ͻ .005; Student's t test). channels. The conservation of the Kv␤1 interaction motif of the rate of ␣ 1 subunit activation and its voltage dependence. All calcium channel ␤ subunits investigated so far on Kv1␣ subunits suggests that all Kv1␣ subunits may have the capacity to interact with Kv␤1 to attain rapid invariably caused a steepening and shift of the voltage dependence of activation to more negative membrane inactivation behavior. potentials. They also affect calcium channel inactivation, although to differing degrees. It has been sugDiscussion gested that the mechanisms regulating activation and inactivation are separate aspects of calcium channel The assembly of different heteromultimeric protein complexes underlies the diversity of voltage-gated sodium, ␤ subunits (Olcese et al., 1994) . Whether this reflects distinct interaction sites on calcium channel ␣ 1 subunits calcium, and potassium channels in the mammalian nervous system (Isom et al., 1994) . The channels are comis presently not clear. The ␤ subunit binding site of calcium channel ␣ 1 subunits, which has been mapped by posed of a pore-forming principal subunit (␣ or ␣ 1 ) and up to four more subunits that may have auxiliary funcan approach similar to the one used in this report (Pragnell et al., 1994) , was localized to the I-II cytoplasmic tions. The sodium channel ␤ subunits appear to be membrane-spanning proteins, whereas the calcium and Kv linker close to the IS6 transmembrane domain. We showed the Kv␤1 interaction site to be localized to a channel ␤ subunits are not integral membrane proteins. Previously, we and others have noted that, unlike the cytoplasmic amino-terminal region in front of the S1 transmembrane domain of Kv1␣ subunits (Figure 8 ). pore-forming ␣ subunits, calcium and Kv channel ␤ subunits do not belong to the same superfamily (McCorThese topologically different ␤ subunit binding site locations on calcium and Kv channel ␣ (␣1) subunits probably mack and McCormack, 1994; Scott et al., 1994a; Pongs, 1995) . The structural unrelatedness suggests that both reflect the differing functional aspects of calcium and Kv channel ␤ subunits in channel gating. Also, note the types of ␤ subunits may have evolved from separate ancestor genes. distinct stoichiometries of one ␤ subunit per calcium channel, but four ␤ subunits per Kv channel (Parcej et Voltage-gated calcium channel ␤ subunits exert auxiliary functions in calcium channel gating (Lacerda et al., al., 1992) . Moreover, the calcium channel ␤ subunit (Mori et al., 1991; Singer et al., 1991; Pragnell et al., 1994 Pragnell et al., ) 1991 Hullin et al., 1992; Neely et al., 1993; Soong et al., 1993; Olcese et al., 1994) . They are important regulators binds to the closely related skeletal and cardiac muscle indicates membranespanning domains S1-S6 (cylinders). Membrane is shaded. A P loop contributes to pore formation and S4 to voltage sensing (ϩ). Black ribbons (T1A and T1B) correspond to T1 domains (Shen and Pfaffinger, 1995) units. Thus, it will be interesting to determine the speciOur characterization of the Kv1.5␣ and Kv␤1 subunit ficity and the interaction sites for other Kv␤ subunits interaction site(s) is based on the combined results of like Kv␤2 and Kv␤3, which have been cloned recently overlay binding assays and electrophysiological ␣ϩ␤ (Pongs, 1995) . coexpression experiments. Therefore, only functional Kv1.5␣ subunits could be considered for delineating the
Experimental Procedures
Kv␤1 interaction site(s). Consequently, Kv1.5⌬1-131 ␣ subunits were not included in our analysis because of of Shaker-related Kv␣ subunits (Figure 8 ), which specicDNAs were cloned into pAKS expression vector for in vitro mRNA fies subfamily-specific assembly of the Shaker-related synthesis as described (Stü hmer et al., 1989 ).
Kv1␣ subunits (Li et al., 1992; Shen et al., 1993; Shen and Pfaffinger, 1995) . Two regions within the T1 domain,
Electrophysiological Recordings
Patch-clamp recordings were performed 4-8 hr after injection. Patch T1 A and T1 B , have been shown to be critical for subunit pipettes were pulled from borosilicate glass with resistances of 2-4 assembly. The A region extends over 30 amino acids M⍀. Series resistance compensation (50%-75%) was used to obtain (residues 112-141 within the Kv1.5 amino terminus) and voltage errors р5 mV. The pipette solution contained 95 mM the B region over 70 amino acids (residues 147-216 K-aspartate, 20 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 11 mM EGTA, within the Kv1.5 amino terminus) (Shen and Pfaffinger, 10 mM HEPES, 2 mM glutathione, and 2 mM Na2ATP (pH 7.2 with KOH). The bath solution contained 135 mM NaCl, 5 mM KCl, 2 mM 1995), but specific amino acids within these regions that CaCl2, 2 mM MgCl2, and 5 mM HEPES (pH 7.4 with NaOH). Current are important for ␣ subunit assembly have not yet been recording, data acquisition, and analysis were as described (Rettig identified. The Kv1.5⌬1-144 deletion eliminates the A et al., 1994) . Records were digitized at 5 kHz and filtered with lowregion of the Kv1.5 T1 domain, and it is therefore likely pass Bessel filter with a 1 kHz cutoff frequency. All experiments that this mutant cannot assemble to form functional were done at 30ЊC Ϯ 0.5ЊC. The fast inactivating current component was well described with a monoexponential function using a leastpotassium channels. Within the B region of the T1 dosquare fit routine. main (Figure 8) , we have mapped a Kv␤1 interaction site (residues 193-201 
